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Background: Leucine-rich repeats (LRRs) are present
in proteins with diverse functions. The horseshoe-
shaped structure of a ribonuclease inhibitor (RI), with a
parallel sheet lining the inner circumference of the
horseshoe and a helices flanking its outer circumference,
is the only X-ray structure containing these repeats to be
determined. Despite the fact that the lengths and
sequences of the RI repeats differ from those of the most
commonly occurring LRRs, it was deemed worthwhile
to derive a three-dimensional structural framework of
these more typical LRR proteins, using the RI structure
as a template.
Results: Sequence alignments of 569 LRRs from 68
proteins were obtained by a profile search and used in a
comparative sequence analysis to distinguish between
residues with a probable structural role and those
which seemed essential for function. This knowledge,
along with the known atomic structure of RI, was used
to model the three-dimensional structure of the most
common LRR units. These modeled units were then
used to build the three-dimensional structure of the
extracellular domain of the thyrotropin receptor (TSHR)
- a 'typical' LRR protein.
Conclusions: The modeled TSHR structure adopts a
non-globular arrangement, similar to that in RI. The
3 regions of this typical LRR protein are the same as in
the RI structure, whereas the a helices are shorter and the
conformations of the at3 and aot connections are differ-
ent. As a result of these differences it was not possible to
pack together typical LRR units using repeats such as
those found in RI. This mutually exclusive relationship is
supported by sequence analysis. The predicted structure
of the typical LRRs obtained here can be used to build
models for any of the known LRR proteins and the
approach used for the prediction could be applied to
other proteins containing internal repeats.
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Introduction
Long, tandem arrays of a leucine-rich repeat (LRR)
have been found in the primary structure of many pro-
teins of diverse origin, function and cellular location [1].
Included among over 60 known LRR proteins are
receptors for hormones [2], cell-adhesion molecules [3],
extracellular matrix binding glycoproteins [4], enzymes
[5] and tyrosine kinase receptors [6]. In spite of the keen
interest in these proteins and extensive knowledge about
their sequences, little was known about the spatial
arrangement of the LRR. The solution of the crystal
structure of porcine ribonuclease inhibitor (RI) [7], a
protein with LRRs, can be considered as a breakthrough
in the understanding of the three-dimensional (3D)
structure of LRR proteins. In the RI molecule, LRRs
correspond to structural units that consist of a short
{3 strand and an a helix. These units form a superhelix
and are arranged so that all the [3 strands and a helices
are parallel to a common axis, resulting in a non-globu-
lar, horseshoe-shaped molecule with a curved parallel
13 sheet lining the inner circumference of the horseshoe
and the a helices flanking its outer circumference.
Analysis of the LRR lengths and sequences (see the
Materials and methods section), however, indicates that
the repeats of the RI are somewhat atypical examples of
the LRR family. An idea of the distribution of the LRR
lengths can be obtained from the analysis of 569 repeats
found in 68 different LRR proteins selected by
sequence-profile searching [8] of the GENPEPT data-
base [9]. In accordance with this two-peak distribution
(Fig. la), LRR proteins can be divided into two sub-
families. The main peak of the distribution contains
more than 90% of the LRRs. The characteristic repre-
sentative of the most common subfamily (referred to as
'typical' hereafter) is a 24-residue LRR. RI, with its 28
to 29-residue LRRs [10], belongs to the other, much
less populated LRR subfamily. Comparative sequence
analysis also revealed differences in the consensus
sequences for the repeat in these two subfamilies
(Fig. lb). An 11-residue segment of the LRR (under-
lined in Fig. lb), corresponding in the structure of RI to
the 3 strand and consecutive loop region, is conserved
in both subfamilies, whereas the remaining parts of the
repeat are different. This suggests that although RI and
the typical LRR proteins probably have the same gen-
eral spatial arrangement and even the same 3 strand
arrangement at the atomic level, the overall 3D structure
of the typical LRR proteins may differ in significant
ways from that of RI.
Analysis of the known data led us to believe that theoreti-
cal prediction and molecular modeling of the typical LRR
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Fig. 1. Results of sequence-profile searches. (a) Length distribu-
tion of 569 leucine-rich repeats (LRRs) found in 68 different pro-
teins. The black area within a histogram bar indicates the
occurrence of the repeats belonging to the 28-residue subfamily
of LRR. The grey area indicates occurrence of the more common
24-residue subfamily repeats. (b) Characteristic sequence pat-
terns for the 28-residue (black) and for 24-residue (grey) LRR sub-
family. The representative repeats were taken from RI [10] and
from carboxypeptidase N 15] sequences, respectively. The identi-
cal parts of the repeats are underlined. Capital letters represent
residues that are conserved within the subfamilies. Highly con-
served residues are in bold.
proteins, on the basis of the known RI structure, would be
instrumental in improving our understanding of their 3D
structure. The prediction of the 3D structure of proteins is
clearly a highly risky undertaking yielding results which
are, in general, not reliable. In cases of proteins with repet-
itive sequence, however, a priori theoretical structural pre-
dictions have been much more successful. Examples of
these proteins are fibril proteins which have 2-4 residue
periodicities (e.g. silk fibroin, collagen and tropomyosin)
[11] or bead-like proteins with 30-40 residue periodicities
(e.g. zinc-finger proteins [12]). These predictions have
been significantly facilitated by the assumption of regular
spatial arrangement, the possibility of distinguishing
between structurally and functionally important residue
conservations, and by sets of indirect experimental evi-
dence. There are also a few examples of successful predic-
tion by homology modeling [13]. The proteins of the
more populated LRR subfamily fulfil all of the above
requirements - they are repetitive and the structure of a
homologous protein, the RI, is known. This encouraged
us to model the 3D structure of the extracellular domain
of the thyrotropin receptor (TSHR) (a member of the
typical LRR subfamily) by using the known RI structure.
Results of this modeling work are presented here.
Results and discussion
Assumption of identity of the 3 structure in all LRR proteins
Accurate sequence alignments are critical for correct
homology modeling. Our first step, therefore, was selec-
tion of the most complete set of LRR proteins by profile
searching [8] and their comprehensive sequence align-
ment (see Materials and methods section). The sequence
analysis showed that all LRRs (including RI) have
a highly conserved 11-residue stretch which has the
consensus sequence LxxLxLxxNxL (Fig. lb), where L
indicates leucine or bulky, non-polar residues, N indicates
asparagine or cysteine, and X is any amino acid. In the
crystal structure of RI, the first seven residues of this
conserved motif form a parallel sheet which lines the
inside wall of the 'horseshoe'. The leucines (or sometimes
valine, isoleucine, phenylalanine or methionine) are
directed towards the inside of this structure, forming a
continuous hydrophobic core. After this seven-residue
13 region, each strand changes direction by 900. In this
half-turn conformation the NH and CO of the peptide
groups cannot form hydrogen bonds with neighboring
strands and have to be directed towards the non-polar
core of the molecule. This would be energetically
unfavorable, but a conserved asparagine (or cysteine) is
positioned right after the 13 strand so that it is able to form
a network of specific hydrogen bonds with these NH
and CO groups, thus satisfying their hydrogen-bonding
potential. The last conserved residue in this pattern is a
bulky non-polar residue (usually leucine) which, in RI, is
directed into the hydrophobic core. Being conserved in
all LRR sequences, this 'P3 structure+asparagine-ladder'
part of the repeat would therefore be expected to adopt a
similar spatial structure. Assuming that this is correct, the
molecular modeling task is then limited to the construc-
tion of the remaining part of the typical LRR, which
differs in sequence from the RI LRRs.
Prediction of the topology
Analysis of known protein structures has shown that pro-
teins with repetitive primary structures also contain
repetitive modules in their 3D structure [11]. On the
basis of this one can conclude, even in the absence of
information on the RI crystal structure, that the structure
of LRR proteins involves a repetitive 3D arrangement.
As the sequences of the typical LRRs are similar those of
the RI LRRs, it is natural to assume that the 3D struc-
tural arrangement of proteins containing these repeats is
similar. Thus, the topology of the typical LRR protein is
probably also of the superhelix type, with one side,
formed by the parallel 13 structure and the other com-
posed of fragments with an unknown conformation
packed collinearly side by side.
The second assumption implies a horseshoe shape in all
LRR superhelices. This follows from the comparison of
the width of the conserved 13 strand and the asparagine
half-turn, projected onto the direction of the 13 structure
hydrogen bonds with the optimal inter-strand distance
along the same direction. For this analysis, a fragment
containing the 13 strand and the adjoining asparagine
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half-turn was duplicated by 4.8 A translations (the opti-
mal distance between 3 strands [11]) along the direction
of the hydrogen bonds. Analysis of the molecular model
generated showed that the asparagine half-turns in the
consecutive repeats make unfavorable short contacts with
each other. To alleviate these contacts, the sheet
needed to be curved, as in the RI structure. Because of
this curvature, the distances between the unknown seg-
ments in the model of the typical LRR should be greater
than those between the 3 strands (Fig. 2a-c). This occurs
if the superhelix takes up a horseshoe shape, as in RI.
Constraints on the conformations of the modeled segments
imposed by the superhelix curvature
Establishing the superhelix curvature allowed improved
delimitation of the possible backbone conformations and
side-chain packing of the modeled segments. Given that
the distances between the neighboring modeled segments
in the superhelix must be larger than the distance
between strands in a 3 sheet, a 3 helix motif, such as that
found in pectate lyase C [14], was excluded. In fact, only
a limited number of conformations of the modeled seg-
ments can be considered in the horseshoe structure
(Fig. 2a-c). Polypeptide chains in the extended confor-
mation can loop out upon insertion of polar side chains
Fig. 2. Schematic pictures showing constraints on the structure of
the modeled segments that are imposed by the horseshoe arrange-
ment. (a-c) Cross-sections of possible three-dimensional arrange-
ments for two neighboring LRR units. Strands of the conserved
3 structures are normal to the plane of the pictures and located in
the lower part of the sections. Trapezoidal van der Waals shapes(represented as grey contours) of the ' strand + asparagine-ladder'
segments, cause an increase in the distance between the modeled
segments (upper part of the sections) compared with the distance
between the 3 strands. This increase is highlighted by dotted grey
lines in the diagram. The change in distance delimits the number
of modeled conformations. The a-helical conformation (a) and
two arrangements with the extended conformations (b,c) fit the
increased distance. Polar groups with donor-acceptors of hydro-
gen bonds are in red, whereas non-polar groups are in black
and dotted red lines show hydrogen bonding. Rectangles
denote peptide groups. Side chains are represented by circles.
(d) Schematic pictures of one LRR turn of the superhelix, the view
being along the superhelix axis. Area inside the turn (grey and
green) represents non-polar interior. Thick lines symbolize the
conserved '3 strand+asparagine-ladder'. Red bands show polar
caps of the a helix.
between the peptide groups that are involved in inter-
chain hydrogen bonds (Fig. 2b) or by formation of intra-
chain hydrogen bonds between NH and CO groups of
the backbone and the polar side chain (Fig. 2c). Both
these variants need conserved polar residues in the LRRs.
Another possibility is a packing of a helices (Fig. 2a), as
occurs in the RI structure [7]. This arrangement only
needs conservation of non-polar residues, because pep-
tide groups are involved in intrahelical hydrogen bonds.
The a helical option appears most probable. Although
members of the typical LRR subfamily will probably
have the same -20 A distance between the ends of the
conserved -strand portions, they only have 9-13
residues for bridging this distance (significantly less than
the 17-18 residues found in RI). This is not enough to
join these ends by an a helix only. So, assuming the
modeled 9-13 residue fragments have an a-helical part,
the rest of the segments must feature an extended confor-
mation which is aligned in the direction of the helix axis
(Fig. 2d). The hydrophilic N- and/or C-terminal caps of
the a helix would escape burial in the non-polar interior
if the helix has a certain number of turns and an
azimuthal orientation, as shown in Fig. 2d (left). The
a-helix arrangement shown in Figure 2d (centre) is never
observed in the protein structures and is less probable.
The third possible a-helix arrangement (Fig. 2d, right),
in which the helix is shorter or longer by half a turn,
should also be unfavorable because of the burial of the
helix's N/C caps in a non-polar environment.
Thus, general considerations, using the assumption of the
horseshoe shape of all LRR proteins, allow us to formu-
late a few constraints for the conformation of the modeled
segments. These constraints, taken together with those
that follow from the amino acid sequences, significantly
facilitate the further defining of the 3D structure of the
most commonly occurring subfamily of LRR proteins.
Deriving the consensus sequences for LRRs of the most
common subfamily
Sequence alignment of more than 500 tandem repeats
from 68 different proteins was performed, allowing us
to determine the residue conservations that are struc-
turally important. The repeats were sorted by length
and then consensus sequences for each of the modeled
segments were derived. Analysis of the aligned
sequences of the LRRs in the most common subfamily
showed that, although they vary in length (20-27
residues), they display sequence similarity not only in
the 3-strand region, but also in the remaining part of
the repeat, which is the focus of our modelling effort
(Fig. 3). It turns out that the consensus pattern of the
minimal fragment (Fig. 3, bottom) is also contained in
the longer fragments of this LRR subfamily, and the
length differences can be accounted for by insertions of
additional residues within the C-terminal part of the
linear segment. Because each of the modeled fragments
corresponds to a half-turn of the LRR superhelix, these
fragments must be bent (shown schematically in Fig. 3);
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half-turn pattern belong to the conserved part of the
LRR and, in the case of RI [7], these residues are ori-
ented towards the inside of the molecule. As peptide
groups of the half-turns cannot form hydrogen bonds
with neighboring LRRs (Fig. 2a) and no conserved polar
residues are available to compensate for the burial of the
free peptide groups, we assume that peptide groups of the
modeled half-turns form intrachain hydrogen bonds.
Analysis of known protein structures has shown [15] that
there are two standard conformations which can be used as
structural approximations for segments of four residues in
which the chain changes direction by approximately 90°,
and where the first and the fourth side chains are directed
towards the non-polar medium, while their peptide
groups form intrachain hydrogen bonds. These conforma-
tions are Poay1 , or 3Pa3LPp, with the symbols a, aL, y, P
and P13 denoting, in order, residue backbone conforma-
tions close to the right and the left a-helical conforma-
tions, the 310 helix conformation, the 3 conformation and
the polyproline helix conformations. The aL conforma-
tion is less probable than the ea, y, [ or ,p conformations,
as it needs specific residues (mainly glycine) and is not
allowed for sequences containing proline, which is some-
times observed in these positions in LRR proteins. For
this reason, we selected the Pay3p conformation for the
modeled half-turn structures. It should be mentioned that
in some cases, especially when the turns have a conserved
glycine residue, the possibility of the P313aLP3 or the simi-
lar 3 aLaL3p conformation, cannot be ruled out.
Fig. 3. The most common consensus patterns for the modeled
parts of the LRR. The fragments are flanked by non-polar residues
which belong to the conserved 11-residue part of the LRR (which
is not shown). The polygonal sticks show the course of the
polypeptide chain. Shadow contour denotes part of the pattern
which is conserved in all LRRs of this subfamily. Yellow spheres
denote any (mainly polar) residue, whereas violet spheres denote
conserved, bulky, non-polar residues. The P position is often
occupied by Pro, Asx or Glx. Location of the spheres under the
stick indicates probable occurrence in the interior of the structure
and location over the stick means facing the solvent. Spheres on
the stick means location of the side chains somewhere between
the non-polar interior and water.
that is, they must have two half-turns, one at each end,
and a linear segment in the middle.
Modeling the half-turns
The half-turn regions at both ends of all modeled seg-
ments have the same sequence patterns; the first and the
fourth residues are conserved, bulky and non-polar, and
the two intervening residues are variable and mainly polar
(Fig. 3). It is reasonable to assume that non-polar residues
are buried in the non-polar core, while the two interven-
ing polar side chains face the solvent. This conclusion is
supported by the fact that the first residue of the N-termi-
nal half-turn pattern and the last residue of the C-terminal
Conformations of the linear part of the modeled segment
The next step was to build the linear portion of the mod-
eled segment. The sequence pattern of the linear portion
consists of three residues (P-x-x; Fig. 3). Normally, the
P position is occupied by Pro, Asx or Glx. The next two
residues are variable but mainly polar. Our modeling
analysis suggested that the P-x-x fragment adopts the
paoy conformation as, firstly, such a conformation can
form a linear connection between the predicted half-
turns and secondly, in the P, ay conformation, the last
two non-specific polar side chains are on the outside,
whereas the inside surface, with the bonded peptide
groups, is non-polar. Finally, the 3P conformation is ster-
ically allowed for the proline residue that frequently
occurs in the P position.
The predicted conformation also fits well with regard to
the constraints imposed by the curvature of the LRR
superhelix. The NH group of the residue occupying the
P position has no intrachain hydrogen bond and has to be
directed into the non-polar environment, as shown in
Figure 2b. The necessity for having proline, which has no
NH group, or Asx or Glx which can form an intramolec-
ular hydrogen bond with this NH group, can be consid-
ered as further evidence for the predicted conformation.
The a-helical turn (or 310-helical turn to be more pre-
cise) that follows and that is formed by the ay conforma-
tion is also favorable in the context of the curved LRR
superhelix (Fig. 2a).
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Structural models for 20-24 residue repeats
By considering all constraints, we can conclude that the
conformation of the minimal modeled fragment (Fig. 3,
bottom) is ayp p3 P(a)NYPOtYJ_ , where underlined
conformations belong to the fragment conserved in all
LRR proteins (including RI where they also have [3 con-
formations). In this 20-residue LRR, the ends of the
neighboring '-sheet + asparagine-ladder' segment are
connected by a nine-residue segment. It is worth men-
tioning that our attempts to model a connection shorter
than nine residues have failed. The resulting structures
either had steric strain or, owing to the extended confor-
mation, had hydrogen-bond donors/acceptors directed
into the non-polar interior. As LRRs with less than 20
residues have not been observed, this result of our model-
ing attempts lends additional support to the suggestion
that the typical LRR subfamily has the same
'[-sheet + asparagine-ladder' structure as observed for RI.
In addition to the same N-terminal P-x-x consensus,
the linear part of the 21-residue LRR (Fig. 3) has one
more residue at its C terminus. Given that the P-x-x
portion is in the 3 otay conformation, the additional
C-terminal residue is most probably in the p confor-
mation. This conformation would be favorable because
the backbone of the modeled segment continues in the
linear direction. With regard to side chains, the addi-
tional residue of the 21-residue repeat is conserved and
non-polar. This agrees with the suggested conformation
because, in this case, the residue will point into the non-
polar interior (Fig. 4a).
The 23-residue LRR has three additional residues fol-
lowing the P-x-x motif: two residues with non-polar side
chains and then a polar one (Fig. 3). This sequence pat-
tern is in accordance with the suggestion of an oa-helical
conformation for the additional residues. In the or-helical
conformation these two non-polar side chains are buried
in the non-polar interior, whereas the third, usually
polar, side chain is outside.
The 24-residue LRR has two neighboring non-polar
residues followed by two polar residues (Fig. 3). This
sequence pattern is indicative of an a helix that has
Fig. 4. Stereoviews of ball-and-stick rep-
resentations of the modeled three-
dimensional structures. (a) Shows the
typical 21-residue repeat. (b) Shows the
typical 24-residue repeat. Dotted red
lines denote hydrogen bonds. Carbon
atoms are in black, oxygen atoms are in
red, nitrogen atoms are in blue and
hydrogen atoms of the peptide groups
are in white. Hydrogen atoms of the
side chains are not shown.
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almost two turns (Fig. 4b). Thus, the linear parts of the
23- and 24-residue LRRs, together with their two half-
turns, may have atry3p3pao(a)Ny 3tay conformations,
where N equal to three and four, respectively. The LRR
units in the predicted conformation were computer built
using the BRUGEL package [16]. Further energy mini-
mization resulted in a compact structure without steric
tension and with all donors and acceptors of hydrogen
bonds interacting with each other or having the possibil-
ity to bind water molecules.
A superposition of the structure of the modeled 24-residue
LRR and the RI unit is shown in Figure 5. Although they
are, in general, similar, they do display differences and
these occur mainly in the loop regions and in the length of
the aot helices. There is also a slight difference in the orien-
tation of the a-helical axes relative to the 3 strands.
It is necessary to mention here that in some cases LRR
sequences deviate from the consensus shown in Fig. 3, in
that there is an insertion of a third polar residue between
conserved non-polar residues in one or both half-turns.
We verified by computer modeling that the half-turns in
the predicted 3aty,3p conformation can accommodate an
additional a-helical residue while preserving the general
course of the polypeptide chain and the orientation,
towards the interior of the molecule, of the flanking
non-polar side chains. Thus, despite being 1-2 residues
longer, the RI LRR can maintain practically the same
conformation as the 24-residue unit.
The occurrence of prolines within the modeled segments
can be used to test our predictions because proline has
only two allowed conformations (a and 3p) and a strong
positional preference in the a helix [17]. All modeled
structures of LRRs were checked for their ability to
accept proline residues in positions where proline was
observed in at least one of the LRR sequences. The
modeled conformations were found to be consistent with
the location of prolines within LRRs.
The models of the 20- and 21-residue LRRs have one
a-helical turn whereas the models of the 23- and
24-residue LRRs have two. For a number of turns some-
where in between one and two, the helix must have its
entry and exit on opposite sides of the helix, (Fig. 2b,
right). Therefore, if our prediction of the a helix is cor-
rect, we would expect deviations in the consensus
sequence of the 22-residue LRRs from those of the 20-,
21-, 23- and 24-residue LRRs. As further analysis
showed there are practically no 22-residue LRRs that
have a consensus sequence similar to that of the 20-, 21-,
23- and 24-residue LRRs. As a rule, 22-residue LRRs
have specific features at the N-terminal part of the linear
portion, for example, a conserved asparagine [18] pre-
ceding the predicted a helix. Molecular modeling has
shown (Fig. 6) that this asparagine may be necessary to
form hydrogen bonds with NH groups of the helical cap
and hence to eliminate the loss of energy caused by unfa-
vorable orientation of the a helix relative to the non-
polar interior (Fig. 2d, right).
From the modeled LRR units to the protein 3D structure
As can be seen from the crystal structure of RI,
its LRR units do not exist as individual structural ele-
ments but are packed against each other, forming the
Fig. 5. Comparison of the LRR in RI and
our model for the 24-residues repeat.
(a) Stereo view of the superposition of a
3a3 unit of the known RI structure(magenta) and a modeled unit of the
most typical 24-residue LRR (black).
Dotted lines denote -sheet hydrogen
bonds. (b) A sequence alignment of the
corresponding repeats. The sequence
representing the 24-residue LRR is taken
from the LRR domain of carboxy-
peptidase N [51. The boxed part of the
sequences denotes the part which
is conserved in all LRR proteins.
Blue bands denote polar side chain
conservation, red bands correspond to
the non-polar residue conservations.
B1,B2... and H1,H2... in both (a) and
(b) denote conserved side-chain posi-
tions which are directed to the inside of
the structure. Letters B and H denote
[3 strands and a helices, respectively.
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Fig. 6. Specific arrangement of the N-terminal caps of the
a helices in the 22-residue LRR of SDS22+ protein 118]. The
a helices are in green and the sheets are in grey. Dotted lines
denote specific hydrogen bonds between a conserved asparagine
and NH groups of the a-helical cap. Carbon atoms are in black,
oxygen atoms are in red and nitrogen atoms are in blue.
horse-shoe-shaped 3D structure. In this structure two
3 strands of the repeat units interact closely with
each other through interpeptide hydrogen bonds and
side-chain interactions. Although the conformations of
the individual LRR units built here have been opti-
mized, assembling them into the full 3D structure may
require re-altering these conformations in order to allevi-
ate possible close contacts between repeats. Assembly
of the repeats was carried out by positioning their
[3 strands alongside those of the RI structure and then
contacts between the modeled segments were analyzed.
Analysis of the modeled structures (which contained
20-26-residue LRRs in different combinations) revealed
that they displayed mostly energetically favorable
interunit contacts. Close contacts were obtained, how-
ever, between the at-helical portions of the modeled
repeat and those of the RI repeat, because of the differ-
ent axial orientations of the helices in the repeats
(Fig. 5). Thus, our analysis indicates that the LRR unit
of RI cannot be packed together with the modeled
unit of the typical LRR or, in other words, that the
28-29-residue LRR units, similar to those in RI, cannot
be incorporated into the superhelix consisting of units
of the typical LRRs, and vice versa. This conclusion
gained further support from the sequence analysis of
known LRR proteins. No example was found in which
LRRs from the two subfamilies occur concomitantly
within one LRR protein.
Modeling of the 3D structure of the extracellular domain of
TSHR
In this section we show how our models of the LRR
units and the constraints that operate on their assembly
can be exploited to build the 3D structure of one partic-
ular member of the typical LRR subfamily - the extra-
cellular domain of TSHR. One reason for choosing
TSHR was that the known function of this protein as the
recognition domain responsible for the specificity of hor-
mone binding [2,19] is an important one. Together with
the other glycoprotein hormone receptors, the TSHR
belongs to an interesting subfamily of G-protein-coupled
receptors [20] in which the binding specificity and effec-
tor properties (activation leading to triggering of the
G-protein cycle) are encoded in separate domains of the
protein. Duality is also reflected at the genomic level: the
extracellular domain which mediates the binding speci-
ficity is encoded by nine different exons, whereas the
part containing the seven transmembrane domains (with
homology to the other G-protein-coupled receptors)
which displays the effector properties, is encoded in a
single exon [21]. Another reason for our choice was that
the 3D structure of the LRR region of the extracellular
domain is the least well characterized among the receptor
domains. The C-terminal transmembrane part of the
TSHR is common to the family of G-protein-coupled
receptors and consists of seven transmembrane at helices,
an arrangement that has been well studied [22]. More-
over, the 3D structure of human chorionic gonadotropin
(hCG), a hormone which is highly homologous to the
TSH, has recently been determined [23,24]. Thus, the
lack of data on the 3D structure of the LRR domain of
TSHR hampers the complete understanding of the
mechanism of this process at the atomic level.
Sequence analysis shows that TSHR has a few typical
LRRs, but that the identification and alignment of the
remaining repeats is not obvious [25]. Using the modeled
3D structure of the 20- to 24-residue LRR units, we
obtain a new alignment for the LRR of TSHR (Fig. 7)
which differs from the one that was obtained earlier on
the basis of sequence analysis alone. It is interesting to
note that this new alignment also has all the exon-intron
sites in the repeats aligned, which was not the case in
previous sequence alignments [25]. Our analysis of the
sequences of TSHR from different sources as well as
of those of luteinizing hormone receptor (LHR) and
follicle stimulating hormone receptor (FSHR) (which are
homologous to TSHR) reveals conserved residues in the
extracellular domain. It was found that residues expected,
for structural reasons, to be conserved in the modeled
LRR units are also conserved in the TSHR family. At
the same time,there are some additional conserved posi-
tions (Fig. 7) which point to the solvent in the modeled
structure. This suggests a functional role for the residues
at these positions.
The modeled structure of the extracellular domain of
TSHR has nine LRR units, each with different a-helical
fragments (Figs 8,9a). One of the repeats (residues
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Fig. 7. Sequence alignment of LRRs constituting the extracellular
domain of the human TSHR, based on the modeled three-dimen-
sional structure. Amino acid numbering includes the signal pep-
tide, which is represented in italics. The region of the modeled
structure (residues 54-254) has numbering in bold. Exon borders
are indicated as arrows. Also shown in bold are the residues of
the modeled part which are conserved or have similar properties(e.g. M, L, V, F, I [bulky non-polar], R, K, H Ipositively charged],
E, D [negatively charged]) in the TSH, FSH, LG/hCG receptor
family. Conserved polar side chains that are directed towards the
inside of the modeled structure (where they form specific hydro-
gen bonds) are shown as white text on a black background; con-
served non-polar side chains are outlined by boxes.
134-158), located in the central part of the domain,
differs in the 3-strand region, which is usually constant,
making it the most difficult fragment to model (Fig. 9a).
The modeled conformation of this central repeat should
therefore be considered as much less reliable than those
of the other, more typical, repeats. The quality of the
complete modeled structure was checked using several
procedures which compared conformation and parame-
ters of the model with experimental values of those
parameters derived from protein crystal structures at high
resolution [26-28] (see the Materials and methods
section). The results of these checks indicate that the
modeled structure complies, in most parts, with the
relevant standards. The model evaluation did, however,
reveal a problem in the backbone conformation of two
3Po connections (60-64 and 185-189). In the structure
built initially, before energy minimization, four such
connections (60-64, 134-138, 185-189 and 234-238)
had the same backbone conformation. After the
minimization, two of the connections (134-138 and
234-238) had their conformations unchanged, whereas
in the other two (60-64 and 185-189) one peptide
group changed orientation. This led to improbable
conformations of His63 (p= 6 30, =-15°) and Leu64
((p=-51° , 4)=76°) for one connection and to a disallowed
conformation of Phe189 (p=- 50, =66 °) for the other.
Slight manual adjustment of the starting structures, cou-
pled to longer energy minimization, is presently in
progress to correct these local problems.
Our modeled structure of TSHR features two packing
arrangements: the common a-helical packing arrange-
ment (Fig. 2a), and a different arrangement (Fig. 2b) in
which the residue preceding the helix N-cap adopts an
extended conformation. Figure 9b shows a row of these
residues in the LRRs of the modeled TSHR structure.
The positions of the extended residues within each
repeat correspond to the P positions in Figure 3. This
type of packing requires the presence of specific residues
at these positions in order to avoid burial of the back-
bone NH groups in the non-polar environment. Our
predicted structure explains the frequent occurrence of
Fig. 8. Stereoview of the modeled struc-
ture of the LRR domain of TSHR.
1-20 MPADLLQLVLLLDLPRDLG
21-53 GMGCSSPPCECHQEEDFRVTCKDIQRIPSLPPS
54-59 TQTL 2-9
60-83I _R T S
109-133 P L
134-158
159-184 S
185-207 SGY
208-233 SO
234-254 SKH
255-287 RNTWTL/KLPLSLSFLHLTRADLSYPSHCCAFK
288-319 NQKKIR*GILESLMCNESSMQSLRQRKSVNALN
320-352 SPLHQEYEENLGDSIVGYKEKSKFQDTHNNAHY
353-384 YVFFEEQEDEIIGFGQELKNPQEETLQAFDSHY
385-406 DYTICGDSEDMVCTPKSDEFNP..
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Fig. 9. Ribbon representations of the
LRR domain of TSHR. (a) The modeled
structure in two projections. The con-
served part of the structure is in green,
while the modeled part is in light blue.
The part of the structure with ambigu-
ously predicted conformation is in dark
blue. (b) The convex surface of the
modeled TSHR structure. The row of
residues occupying the P position is
shown in ball-and-stick representation
using standard atom colouring. Hydro-
gen bonds between specific polar
residues and NH groups of the back-
bone are denoted by dotted red lines.
proline, as well as the occurrence of Glx and Asx, in this
position: the proline residue has no backbone NH group,
and the Asx and Glx side chains can form hydrogen
bonds with the backbone NH groups (Fig. 9b).
The crystal structure of the complex between ribonu-
clease A and RI [29] shows that one lobe of the kidney-
shaped ribonuclease A reaches into the concave cavity
of the horseshoe, while the other lobe covers the RI
face that consists of the connecting loops and the
N-caps of the a-helices. In contrast to the two-lobe
structure of ribonuclease A, the 3D structure of hCG
[23,24], a close relative of TSH, has a one-lobe ellip-
soidal shape. The concave surface of the TSHR models
could accommodate the shorter dimensions of the ellip-
soid-shaped hormone. From these data, it is tempting to
suggest that the interactions of TSHR with TSH mainly
occur via the concave surface of the TSHR molecule,
which essentially comprises the juxtaposition of
13 strands. A direct prediction from our model is that the
contact zone between the TSH and its receptor should
be highly discontinuous and scattered over most of the
sequence of the receptor's extracellular domain. This is
in complete agreement with data from site-directed
mutagenesis experiments in which fragments of the
LHR, CGR and the TSHR were exchanged and the
resulting binding specificity determined [19]. Binding
specificity (in terms of primary structure) could not be
assigned to a given receptor fragment, most chimeras
displaying mixed specificity. Nevertheless, two short
segments were identified as contributing to this speci-
ficity. The location of one segment almost coincides
with one 13 strand (Lys201-Lys211) and that of the
other overlaps with another 3 strand (Gly222-Leu230)
[19] (Fig. 8). This fits in quite well with our conclusion
that the interactions between TSHR and TSH occur via
the concave surface of the TSHR molecule.
Two natural mutants of the TSHR which lead to loss of
hormone binding have been identified [30]. They are
Ile167-+Asn, which completely abolishes binding, and
Pro162-4Ala, which causes a severe decrease in affinity.
In our model, Ile167 is oriented towards the non-polar
interior of the molecule. Its substitution by the polar
asparagine residue may therefore result in a significant
decrease in stability of the LRR domain or even to the
loss of the native structure of this domain. The mutation
Pro162-Ala, on the other hand, does not seem to be
critical for maintaining the structure. This may be due a
problem with our model or may be explained by a direct
role for Pro162 in the binding of TSH.
Biological implications
Long tandem arrays of a characteristic leucine-rich
repeat (LRR) motif consisting of about 24 amino
acids have been found in the primary structure
of a large number of proteins. These proteins
include many which participate in biologically
important processes, such as receptors for hor-
mones, enzymes, enzyme inhibitors, proteins for
cell adhesion and ribosome-binding proteins.
Although the functions of these proteins are
different, they can generally be described as pro-
tein-protein interactions. Recently, the crystal
structure of porcine ribonuclease inhibitor (RI),
one of the proteins with LRRs, has been deter-
mined [7]. The non-globular horseshoe shape of
its three-dimensional structure has a concave
surface which most probably fosters strong pro-
tein-protein interactions. The analysis of LRR
sequences presented here shows that the LRR fam-
ily can be subdivided into two subfamilies which
are characterized by different lengths and consen-
sus sequences of the repeats. RI belongs to the
minor subfamily which is characterized by 28- or
29-residue repeats. On the basis of sequence analy-
sis and knowledge of the RI structure, we predict
the three-dimensional structure of the most typical
(20- to 26-residue) LRR units, as well as the
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complete three-dimensional structure of the extra-
cellular domain of the thyrotropin receptor
(TSHR), which is composed of nine such units.
The predicted TSHR structure is consistent with
experimental data from mutants with impaired
TSHR function. Our structure prediction of the
most commonly occurring LRR units opens up
the possibility of predicting the structures of other
LRR proteins and thus gaining understanding of
the molecular mechanisms behind a number
of important biological processes in which LRR
proteins play a key role.
Materials and methods
Profile search of LRR proteins and determination of their
consensus pattern
In order to identify protein sequences with significant homology
to the proteins known to contain LRRs, we applied the general-
ized sequence profile method [8]. The profile was constructed
from LRRs present in the porcine Rl sequence [10] and in a
few 'known LRR' proteins [2-6,18]. As the RI crystal structure
[7] suggests that a single LRR would probably not form a stable
structure on its own, we were interested only in proteins con-
taining at least three tandem LRRs as these contain at least one
LRR flanked by two neighbouring LRRs. Construction of an
LRR profile, spanning not one repeat but three repeat units,
increased the selectivity of the database search. A database search
with this profile against release 85 of the GENPEPT protein
sequence database [9] resulted in the identification of several
sequences showing highly significant similarity to the profile.
The probability of error was p<0.001, and was calculated by
analyzing the score distribution obtained from a profile search
against a regionally randomized version of the protein database,
assuming an extreme value distribution. Analysis of the results
showed that no sequences known to have the 3D structure that
was different from RIPd structure had a high score of similarity to
the LRR profile. The newly detected sequences were assumed
to be members of the LRR protein family and analyzed for their
repeat structure by manual alignment with established LRR pro-
teins. The profile search and subsequent manual analysis yielded
the aligned sequences of 569 repeats from 68 different LRR
proteins. These repeats were grouped by length and the typical
consensus sequence patterns were found for each group (Fig. 3).
Building the 3D structure of LRR units and the complete
TSHR domain
The 3D structures of the LRR were modeled using the
BRUGEL package [16]. A 30otl3 unit of the RI crystal structure
was taken as the template for constructing the models. A peptide
group between the last residue of the conserved LxxLxLxxNxL
'13 structure+asparagine-ladder' fragment and the first residue of
the subsequent a helix was 'cleaved'. The freed N terminus of
the at-helical segment of RI was truncated to the number of
residues of the LRR segment. Amino acid substitutions were
then carried out to change the RI sequence to the LRR
sequence. This was done using the 'mutate' option in BRUGEL
in which the substituted side chain is placed at its minimum
energy conformation following a systematic search, which takes
into account the interactions of this side chain with surrounding
backbone and side-chain atoms. After that, the conformation of
the entire segment was manually adjusted, by varying backbone
torsion angles, while keeping the conformation of the two
flanking 3 strands fixed. The conformational adjustments took
into account the requirements for the side-chain orientations
and hydrogen-bond network determined on the basis of the
considerations described in the Results section (see paragraphs
'Modeling the half-turns' and 'Conformations of the linear part
of the modeled segment'). Seven backbone conformations for
the 20- to 26-residue LRRs were constructed in this fashion.
For each of them, the covalent link to the 3-strand portion was
restored and the full modeled units were subjected to 500 steps
of Conjugate Gradient energy minimization in vacuo, using the
CHARMM-19 force field [31]. During the minimization,
the backbone atoms of the 3-structure were restrained to their
starting positions in the RI crystal structure.
To construct the 3D structure of the TSHR domain several of
the LRR motifs that had been energy minimized were com-
bined in the following manner: first, the second strand of
one LRR unit was superimposed [32] on the first 3 strand of
another unit. Next, the overlapping portion of one of the
superimposed strands was deleted and the backbones of the
two units were covalently linked. This procedure was repeated
until the appropriate number of LRR units was assembled.
The side-chain orientation was then manually optimized,
to alleviate strain, and modeling was completed by a final
energy-minimization step, without applying restraints.
Three procedures were used to check the quality of the modeled
structure. The program PROCHECK [26] was used to check its
stereochemical quality. The compatibility of the LRR sequence
of TSHR with the modeled structure was checked using the
sequence/structure screening procedure [27]. In this procedure,
the sequence of the TSHR domain was successively mounted
onto a library of structural motifs (this library contained the
modeled TSHR structure as well as 141 structure motifs belong-
ing to representative proteins from the Brookhaven Data Bank
[33]). Each mount was scored using effective potentials derived
from previously determined protein structures [27]. If our model
is correct, the TSHR sequence is expected to score better when
mounted onto itself than when mounted onto any other tested
motif. The third test involved computing the atomic volumes in
the modeled TSHR structure, and comparing these volumes
with the standard volumes of the corresponding atom types
derived from previously determined protein structures [28].
Atoms whose volumes depart from the standard value by more
than two standard deviations are flagged, as they may correspond
to problem regions in the model. Figures 4-6, 8 and 9 were
generated with the program MOLSCRIPT [34].
The atomic coordinates are available over the World Wide
Web (http://ulrec3.unil.ch/modeling).
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